Introduction
The design of molecules capable of binding to predetermined sequences of amino acids in aqueous solution is an important problem in the chemical and biomedical sciences. 1 An excellent body of work has been carried out in this area, 1, 2 and it is the surprising result of these studies that so few synthetic compounds bind peptides with equilibrium association constants (Ka) greater than 10 4 M -1 and/or with considerable sequence specificity in purely aqueous solution. There is also significant interest in the development of synthetic compounds capable of a change in optical activity on binding to a specific peptide. 3 One host that hints of great promise in addressing these problems is cucurbit [8] uril (Q8, Figure 1) , 4, 5 which is the topic of this paper.
Q8 is the eight-membered, expanded macrocycle of cucurbituril (Q6). Q6 was discovered in 1905, 6 and more recently found to bind amines and metal cations in aqueous solution with equilibrium association constants (Ka's) in the range of 10 3 -10 5 M -1 . 7 Q6 and the other Qn homologues 4, 5 are synthetically Figure 1 . Structure of the Q8•MV•HN complex. The image at left was rendered in Chimera using coordinates derived from published X-ray data. 13 accessible, 4, 8 donut-shaped molecules with a hydrophobic cavity and constricted portals fringed with carbonyl groups. This structure promotes binding to organic amines by including the hydrophobic portion of the compound inside the cavity while forming cation-dipole interactions between the positively charged ammonium groups and the carbonyl portals. The mechanism of Q6 complexation has been well characterized, 9 but the scope of possible guests for Q6 is limited by its relatively small size.
Recently, a family of Qn homologues was discovered 4 by Kim and coworkers that has greatly broadened the potential for this class of molecules in supramolecular chemistry. 5 Q7 has the highest aqueous solubility among the Qn homologues, and the recognition properties of Q7 for cationic, aromatic guests have been explored extensively by the groups of Kaifer, 10 Kim, 11 and others. 12 Ka values for the binding of Q7 to these guests are also in the range of 10 5 M -1 , and although detailed mechanistic studies have not yet been carried out on Q7 or Q8, the observed patterns of binding indicate a mechanism similar to that of Q6. 9 Q8 is fundamentally different from its smaller Qn homologues in that it can bind simultaneously and selectively to two different aromatic guests at low concentrations. 13 For example, Q8 can bind to one equivalent of methyl viologen (MV), and the Q8•MV complex can then bind to one equivalent of 2,6-dihydroxynaphthalene (HN). Complex formation is driven by hydrophobic interactions and by the formation of a charge-transfer complex between HN and MV inside the cavity of Q8 (Figure 1) . 13 This system has been creatively used to construct a broad range of unique supramolecular architectures, 14 and to catalyze specific chemistries. 15 Remarkably, Kim and coworkers report that Q8•MV can bind to other aromatic guests, such as tryptophan, tyrosine, and dopamine. 16 Despite the many interesting studies involving Q8, however, no quantitative data have yet been reported on the stability of Q8•MV in complex with HN or with other guests.
Here we examine the potential for Q8•MV to recognize specific amino acids and peptides. The thermodynamic binding parameters and spectral properties were measured for twelve ternary complexes of the formula Q8•MV•X, where X is the four aromatic -amino acids, four singly charged tryptophan derivatives, and four tryptophan-containing peptides. We find that Q8•MV binds tryptophan most stably among the aromatic -amino acids.
Analysis of the series of singly charged tryptophan derivatives suggests that a positive charge near the indole increases binding affinity, and a negative charge decreases affinity. We hypothesized that this effect could be the basis for specific peptide recognition, where Q8•MV should bind N-terminal tryptophan with higher affinity than C-terminal or internal tryptophan residues. Data on the series of tryptophan-containing peptides support this hypothesis and show that WGG is bound more tightly than GWG, followed by GGW. The spectral data consistently reveal the formation of a charge-transfer absorbance, the quenching of indole fluorescence, and the perturbation and broadening of NMR chemical shifts on binding.
Results and Discussion
Q8 Solubility and Q8•MV Stability. It is known that Q8 is poorly soluble in water and insoluble in organic solvents, 5 and that Q8 binds tightly to MV in a 1:1 complex. 17 As a quantitative basis for our studies on ternary complexes of Q8, it was important to measure the solubility Q8 and the stability the resulting changes in visible color and in their NMR spectra. 5, 16 As a foundation for studying peptide recognition by Q8, we wanted to confirm these findings and to quantitatively determine the thermodynamic parameters for binding. It is quite possible that Q8•MV binds to one or more of the aliphatic -amino acids, but we focused on the aromatic amino acids for their advantageous optical properties and for the likelihood that any binding would be similar in nature to prior studies on Q8•MV•HN, and therefore more straightforward to characterize.
We used isothermal titration calorimetry (ITC) to measure Ka values (Table 1) If the formation of a charge-transfer complex were the primary driving force for binding, then one would expect tyrosine to bind more tightly than phenylalanine to Q8•MV on the basis of the more electron-rich phenol ring. 19 This result was not observed. The data are more consistent with a model in which the relative binding affinity is governed by the hydrophobicity of the second guest molecule as it sheds some of its hydration shell on entering the Q8
cavity. In such a model, one would expect tyrosine and histidine to bind more poorly than tryptophan or phenylalanine. ITC was used to determine the thermodynamic parameters (Table 2) Analysis of enthalpy and entropy values in this series (Table 2) Charge-Mediated Peptide Recognition. The additional stability observed for the positively charged tryptophan derivatives led us to hypothesize that Q8•MV should bind to N-terminal tryptophan residues with higher affinity than C-terminal or internal tryptophan residues, thereby providing a basis for the recognition of specific peptides. To test this hypothesis, we studied a series of four tryptophan-containing peptides (Figure 3b ): WGG (9), GWG (10), GGW (11) , and GGWGG (12). WGG, with an N-terminal tryptophan residue, has a positive charge adjacent to the indole and is therefore analogous to Trp-OMe and TrpA. GGW, with a C-terminal tryptophan residue, has a negative charge adjacent to the indole and is therefore analogous to N-AcTrp and IPA. GWG places tryptophan at the internal position of the tripeptide. GGWGG serves as a control for GWG by separating the charges from the indole at distances that are more closely analogous to the distal charges on GGW and WGG.
Effects of Electrostatic
ITC was used to determine the thermodynamic parameters (Table 3) and with ~40-fold specificity over GGW (Ka = 3.1 x 10 3 M -1 ). 20 The presence of each ternary complex was confirmed by ESI-MS. All binding experiments were also carried out in the absence of Q8, and no indication of binding was observed;
this result shows that binding affinity in the absence of Q8 is < 10 3 M -1 . It should be noted that the high stability of the Q8•MV•WGG complex (-7 kcal/mol) is rare for a synthetic host in aqueous solution, 21 and further supports the study of Q8 as a model for biomolecular receptors. As observed for the monomeric tryptophan derivatives, the peptide with a positive charge near the indole (WGG) binds Q8•MV with higher affinity than the peptide with a negative charge near the indole (GGW). In this series, however, the affinity of GWG for Q8•MV is approximately halfway between that of WGG and GGW. Table 4 ranks the binding constants for Q8•MV with all indole compounds and lists the specificities relative to GWG. Collectively, the data suggest that electrostatic charge near the indole is the key structural feature that governs recognition, thus supporting our hypothesis for charge-mediated peptide recognition. Moreover, within each group of positively or negatively charged guests, a second trend is apparent: Increasing molecular size increases complex stability. This trend is observed for both groups, albeit to a lesser extent for the negatively charged guests GGW, N-AcTrp, and IPA, and is likely related to hydrophobic interactions. Analysis of enthalpy and entropy values for the series (Table 3) shows that Q8 enhances the charge-transfer interaction. 19 We measured values for the wavelength of maximum absorbance (max) and the molar absorptivity A stock solution of 1.0 M sodium phosphate buffer was adjusted to pH 7.0 and sterile filtered. The pH was checked periodically. With the exception of the NMR experiments, which were run in deuterium oxide, all binding experiments described here were carried out in 10 mM phosphate buffer, which was made as needed by diluting the 1 M stock. Fresh analyte solutions were prepared every couple of days and were thoroughly dissolved by heating at 60 C and, if necessary, by ultrasonication. All analytes were massed to ±0.1 mg with an accuracy of at least three significant digits. The purities of Q8 and MV were determined by 1 H NMR using freshly distilled tert-butyl alcohol as reference.
Purities of other analytical reagents were determined by titration.
Isothermal Titration Calorimetry (ITC).
Titration experiments were carried out in 10 mM sodium phosphate buffer (pH 7.0) at 27 ºC on a VP-ITC calorimeter from Microcal, Inc (http://www.microcalorimetry.com). In a typical experiment, the Q8•MV was in the sample cell at a concentration of 0.1 -1.0 mM, and the guest was in the injection syringe at a concentration of 1.0 -10 mM.
The titration schedule consisted of 28-40 consecutive injection of 2-10 µL with at least a 200 s interval between injections. Heats of dilution, measured by titrating beyond saturation, were subtracted from each data set. All solutions were degassed prior to titration. The data were analyzed using Origin software and fit well to the 1:1 binding model supplied with the software.
It is important to note that the initial concentration of Q8•MV in a titration is influenced by equilibrium constant for the formation of Q8•MV and by the working concentration. For example, at 0.5 mM, the fraction of Q8•MV present is 95.3%. By increasing the concentration of MV by 10-fold, however, the fraction of Q8•MV increases to 99.9%. The dynamic effect of this equilibrium would significantly complicate a rigorous analysis of the ITC data, but should, at the most, effect the results by <5%. To examine the actual effect, we carried out ITC titrations with a 10-fold excess of MV and found that the values obtained overlapped to within 5% of those obtained at a 1:1 Q8•MV ratio. Therefore, we ignore this effect for the data presented here.
Spectroscopy. 1 H NMR spectra were collected in deuterium oxide on a Varian Inova 400 MHz spectrometer at 25 C using a presaturation pulse to suppress the signal from residual protiated solvent. UV-visible spectra were obtained at 25 C for all samples at a concentration of 0.5 -0.6 mM in 10 mM sodium phosphate buffer (pH 7.0) using Varian Cary 100 Bio and Hitachi U-3000 spectrophotometers. Molar absorptivities for the charge-transfer band in the Q8•MV•X complexes were determined at the wavelength of maximum absorbance, using the equilibrium constant determined by ITC to account for the mole fraction of complex present at the working concentration. Fluorescence emission spectra were obtained at 25 C in 10 mM sodium phosphate buffer (pH 7.0) with a PTI QM-4 spectrofluorometer equipped with a Xe arc lamp and photomultiplier tube, exciting at 279 nm, with 3 and 4 nm slit widths for the excitation and emission monochrometers, respectively, and a step size of 2 nm. 
